Although applied over extremely short timescales, artificial selection has dramatically altered the form, physiology, and life history of cultivated plants. We have used RNAseq to define both gene sequence and expression divergence between cultivated tomato and five related wild species. Based on sequence differences, we detect footprints of positive selection in over 50 genes. We also document thousands of shifts in gene-expression level, many of which resulted from changes in selection pressure. These rapidly evolving genes are commonly associated with environmental response and stress tolerance. The importance of environmental inputs during evolution of gene expression is further highlighted by large-scale alteration of the light response coexpression network between wild and cultivated accessions. Human manipulation of the genome has heavily impacted the tomato transcriptome through directed admixture and by indirectly favoring nonsynonymous over synonymous substitutions. Taken together, our results shed light on the pervasive effects artificial and natural selection have had on the transcriptomes of tomato and its wild relatives.
Although applied over extremely short timescales, artificial selection has dramatically altered the form, physiology, and life history of cultivated plants. We have used RNAseq to define both gene sequence and expression divergence between cultivated tomato and five related wild species. Based on sequence differences, we detect footprints of positive selection in over 50 genes. We also document thousands of shifts in gene-expression level, many of which resulted from changes in selection pressure. These rapidly evolving genes are commonly associated with environmental response and stress tolerance. The importance of environmental inputs during evolution of gene expression is further highlighted by large-scale alteration of the light response coexpression network between wild and cultivated accessions. Human manipulation of the genome has heavily impacted the tomato transcriptome through directed admixture and by indirectly favoring nonsynonymous over synonymous substitutions. Taken together, our results shed light on the pervasive effects artificial and natural selection have had on the transcriptomes of tomato and its wild relatives.
domestication | biotic stress | abiotic stress D omestication has long served as an important example of severe phenotypic divergence in response to selection. Darwin recognized the parallel between the processes of domestication and adaptation in the wild and used this analogy to emphasize the power of selection in generating phenotypic diversity (1) . The genetic basis of domestication-associated phenotypes has been examined in several instances, most notably in maize, rice, tomato, and dogs (reviewed in refs. [2] [3] [4] [5] . The clear conclusion from these studies is that the rapid phenotypic divergence associated with domestication is often attributable to very few genetic loci (6) . Improvements to DNA sequence technologies have allowed studies of the effect of domestication at the whole-genome level. Early population genetic analyses in maize found that very few genes (∼5%) show evidence of positive selection during domestication of maize (7) , and recent work using whole-genome resequencing has found a similar proportion of the genome was under positive selection (8) . Evidence for strong selective sweeps at a limited number of loci has also been found in rice and dog genomes (9) . Together with the previous genetic mapping work, these studies support the model that relatively few mutations experienced extremely strong selection by humans during domestication.
Although not the target of direct positive selection, the rest of the genome still experiences a dramatic shift in evolutionary pressures during domestication. Most characterized domestication events are associated with an extreme genetic bottleneck and alleviation of selective constraints in the original niche (10) . These factors are predicted to increase the relative rate of nonsynonymous to synonymous (dN/dS) substitution, potentially resulting in the fixation of deleterious alleles (11) . Previous studies comparing the distribution of polymorphisms between rice and dogs and their closest wild relatives have suggested that this may be the case (12, 13) . However, the lack of genome-wide polymorphism data in multiple wild accessions has limited these comparisons because of ambiguous assignment of ancestral state. Evidence for changes at the transcriptional level during domestication have also been examined; for example, a recent study in maize has suggested widespread alteration of transcriptional networks during domestication (14) . Although some of these changes are associated with genes that also show evidence of positive selection, changes in the topology of the gene-expression network might also result from fixation of mutations during the domestication bottleneck. Regardless, although absolute changes in gene expression or changes in network topology are thought to be important
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One of the most heavily studied domestication events is that of tomato. Tomato is a member of a complex of 13 interfertile species that occupy a wide range of habitats in South America (15) . The exact date of tomato domestication is debated, but it is clear that domesticated lines existed in Mexico at the time of the arrival of Europeans, and were brought back to Europe as a novelty, only to be used for food there in the 17th or 18th century. Tomato cultivars were subsequently reintroduced to the Americas. Thus, cultivated tomato has undergone a series of sequential bottlenecks, resulting in extremely low intraspecific genetic diversity (15) . The most obvious domestication associated trait in tomato is a dramatic increase in fruit size. This trait has been the subject of extensive genetic analysis, and is controlled by a relatively small number of loci (16) making it typical of most domestication-associated traits. The high phenotypic diversity among wild tomato relatives and the relatively recent domestication of tomato itself makes it an excellent system to compare the effects of artificial and natural selection.
We deeply sequenced the transcriptomes of six species to ascertain the effects of natural and artificial selection on gene expression and sequence diversity. Our panel included one accession of domesticated tomato (Solanum lycopersicum M82), two related red-fruited wild species (Solanum pimpinellifolium and Solanum galapagense) and three green-fruited wild accessions from vastly differing habitats (Solanum habrochaites, a high altitude-adapted, chilling-tolerant accession; a high altitude drought-tolerant accession, Solanum chmielewskii; and Solanum pennellii, a desert-adapted accession) (Fig. 1A) . These five wild species were chosen because of their dramatic phenotypic variability, but also because of their widespread use as genetic donors during cultivated tomato improvement, allowing us to define sequence and expression-level polymorphisms relevant to breeding and natural variation (17) . Our analysis provides ample evidence for evolution in response to environmental cues in tomato relatives, and suggests interesting differences between artificial and natural selection.
Results

Characterization of Sequence Diversity in Wild and Cultivated
Tomato. We conducted a series of experiments to define transcripts and identify sequence polymorphisms in our tomato panel. Two experiments (Materials and Methods and SI Appendix, Table S1 ) were conducted to ascertain interspecific variation in gene-expression levels. The first experiment compared gene expression in aerial seedling tissues of the species S. pennellii, S. lycopersicum, S. habrochaites, and S. pimpinellifolium. A second experiment compared six tissues collected from S. lycopersicum and S. pennellii. The remaining samples from either additional tissues or species were collected at separate times and used only for polymorphism discovery.
After alignment to the tomato reference genomic sequence (var. Heinz), our sequences covered an average of 67.4% of the annotated exonic gene space and allowed us to identify 1.5 million polymorphic sites among the 23.9 Mb covered in all samples (SI Appendix, Figs. S1-S6 and Tables S2 and S3, and Dataset S1). De novo contigs assembled from our reads covered 54% of the annotated genes and identified 34 transcripts not present in the current release of the Heinz reference genome (SI Appendix, Figs. S7 and S8, and Tables S4 and S5). Fewer than 20% (6 of 34) of these putative unique transcripts show homology with functionally annotated genes. Comparison of global patterns of nucleotide diversity across all accessions revealed a reduction in neutral divergence (dS) near the centromeres, but a relative increase in nonsynonymous substitution in the same regions ( Fig. 1 B and C) .
To initiate our evolutionary analysis, we used Bayesian inference methods to construct a phylogeny of the six species rooted with potato sequences (18) (Solanum phureja) (Fig. 1A) .
The resulting phylogeny is consistent with published tomato trees (19) resolving a monophyletic red/orange fruited clade and placing the green fruited S. pennellii and S. habrochaites in a sister clade. Like some previous studies but unlike others (19) , the phylogeny places S. galapagense as the closest outgroup to domesticated samples. S. pimpinellifolium, S. lycopersicum, and S. galapagense have been shown to hybridize in the wild or through directed introgression (20) (in the case of S. lycopersicum) and it is possible that the difference in topologies results from incomplete lineage sorting in the three species and is specific to the particular accessions used in each study.
Consistent with previous studies, cultivated accessions are very similar to each other (< 1 SNP/kb), and a modest number of mutations separate cultivated tomato from its most closely related wild ancestors (< 5 SNP/kb) (SI Appendix, Fig. S3 ). By polarizing our data against the potato genome reference, we found that the spectrum of mutated sites varies between the lines. Mutations shared only by the cultivated tomato lines or unique to S. galapagense showed an increased ratio of nonsynonymous to synonymous substitutions ( Fig. 2A) . We directly tested whether the rate of nonsynonymous to synonymous substitution was elevated in cultivated tomato and S. galapagense by comparing the estimated tree-wide dN/dS to estimates for the terminal branches for each species and the branch leading to their most recent common ancestor (Fig. 2B) . Each of the ter- minal branches, but not the connecting branch, showed significant increases in dN/dS. Both S. lycopersicum and S. galapagense are thought to have experienced strong genetic bottlenecks (15, 21) (during domestication, and island colonization and recent adaptation, respectively). Our result is consistent with separate bottlenecks in these two species and increased accumulation of potentially deleterious mutations during cultivation and colonization. This change in mutation spectrum may be a result of relaxed purifying selection, fixation of mutations during the genetic bottleneck because of drift, or both.
Evidence for Positive Selection in Wild and Cultivated Tomato. Although relaxed purifying selection is expected to elevate dN/dS by random substitution throughout the genome, positive selection is expected to increase dN/dS within specific loci. From comparison of gene-level estimates of dN/dS in all species (22, 23) , we identified 51 genes that show statistically significant (P < 0.05) evidence of evolution under positive selection across the phylogeny (Dataset S2). Many of these genes have not been characterized in tomato, but annotated genes included the tomato homolog of the Arabidopsis thaliana ARGONAUTE 2 and the known tomato-resistance gene immunity to fusarium wilt-2C4 (24, 25) , consistent with rapid evolution of protein sequences in response to pathogen pressure. Homologs of the aluminum transporter ALUMINUM SENSITIVE 1 and the calcium uptake transporter MID1-COMPLEMENTING ACTIVITY 1 also showed significantly elevated dN/dS pointing to positive selection in response to abiotic factors, such as soil chemistry (26, 27) . This second set of genes is particularly interesting considering the high salt tolerance observed in wild tomato relatives (28) .
Divergence in Gene Expression in Wild and Cultivated Tomato. We next searched for evidence for differential expression between aerial seedling tissues of S. lycopersicum, S. habrochaites, S. pimpinellifolium, and S. pennellii. For this process, seedling tissues were chosen to minimize the effects of developmental and environmental variation on gene expression. We detected expression of 25,012 transcripts in at least a single accession, and 20,389 in all surveyed accessions. Consistent with previous observations (29) , gene expression was low in centromere proximal regions and higher in gene-dense chromosomal arms ( Fig. 1D and SI Appendix, Fig. S10 ). Gene ontology (GO) enrichment analysis of these revealed overrepresentation of genes involved in stress response, defense response, photosynthesis, response to high light, and redox pathways (SI Appendix, Table S6 ). Enrichment for these categories indicates that abiotic and biotic stresses have played a major role driving transcriptional variation among these species. Interspecific comparisons based on nucleotide alignments and pairwise gene-expression differences revealed a general concordance in tree topology but a striking increase in the S. pennellii gene-expression branch length ( Fig. 3 A and B) . The number of expression changes specific to the S. pennellii lineage was much higher than any other lineage ( Fig. 3C and SI Appendix, Tables S7 and S8), indicating that the transcriptional landscape of S. pennellii is highly diverged relative to the other three species. A small but significant increase in unique expression changes was also found in S. lycopersicum compared with S. pimpinellifolium, suggesting the possibility of accelerated divergence in expression in the domesticated lineage (141 and 91 genes, respectively, χ 2 P value = 0.0007). GO term enrichment analysis identified genes involved in salt stress in all comparisons with S. pennellii and modification to sucrose metabolism and starch metabolic process in all comparisons with S. lycopersicum; in addition, redox pathways were enriched in many comparisons (SI Appendix, and S10). We validated that several of these expression changes are reflected in the metabolic state of the plants. Fructose levels were six-to ninefold lower in all wild species compared with S. lycopersicum (30) . Analysis of existing GC-MS data (30, 31) revealed that the product-to-substrate ratio of redox-coupled NAD(P) reactions in S. habrochaites and S. pimpinellifolium were twofold and in S. pennellii more than 10-fold lower than in S. lycopersicum, indicating that the NAD(P) pool is in a more oxidized state in the three wild species (Fig. 3D) . These metabolic changes combined with enrichment in transcriptional changes provide strong evidence that redox pathways are rapidly evolving among these species. Furthermore, the substantial shift in S. pennellii is consistent with adaptation to high light conditions. In summary, the pathways identified by these analyses are consistent with the expected selective pressures on each of these lineages, with strong natural selection for life in a desert environment for S. pennellii and artificial selection for palatable fruits during breeding of domesticated tomato.
Analysis of Selective Pressures on Gene Expression. Gene-expression variation can result from random genetic drift or changes in selective pressure. To identify genes that have potentially undergone a shift in selection regime, we compared the fit of three evolutionary models to the gene-expression levels in our dataset: a model of evolution under random drift (Brownian motion single rate), stabilizing selection (Ornstein-Uhlenbeck, OU), or a change in evolutionary rate along a particular lineage (Brownian motion two rate) (32-34) (SI Appendix, Table S11 and Dataset S3). Genes whose expression values showed a substantially better fit to the two-rate model and that had accelerated evolutionary rates in a particular lineage were considered candidates for alteration in selective regime in that lineage. Fit was assessed for each of the three models and then compared between the accelerated rate model and the other models using the change in Akaike information criteria (ΔAIC). Increased ΔAIC indicates stronger fit for the accelerated rate model compared with both of the other models (see SI Appendix for additional information). Among differentially expressed genes (P < 0.01), there was evidence for differing rates of evolution across the tree in 1,764 genes (22.3% of differentially expressed genes, ΔAIC > 4) and strong evidence in 428 genes (5.4% of differentially expressed genes; ΔAIC > 10) (SI Appendix, Table S11 ). The largest group of genes was evolving at a faster rate along the S. pennellii branch, but increasing the ΔAIC threshold increased the relative number of genes found in the other branches ( Fig. 3 E  and F) . Furthermore, the proportion of differentially expressed genes with evidence of accelerated evolution of expression levels was higher in S. lycopersicum than in S. pennellii (or any of the other branches) (Fig. 3 G and H) . These results indicate that much of the rapid divergence in gene expression that has occurred in S. pennellii can be explained by neutral processes. In contrast, relatively few genes have changed in S. lycopersicum, but these genes are more likely to show evidence for a S. lycopersicum-specific change in evolutionary rate. Genes accelerated in the green-and red-fruited lineages included yellow-flesh, a major locus controlling fruit color (35, 36) . We also found many genes accelerated along the S. pennellii branch that are involved in responses to environmental stresses, such as salt, drought, heat, and oxidative damage, as well as genes in the abscisic acid pathway (Dataset S3). This finding is consistent with the results from differential expression and codon substitution models, and combined indicate that alteration in the pathways regulating stress responses has been important in the evolutionary history of this organism.
Evolution of the Tissue-Specific Expression in S. pennellii and S. lycopersicum. Natural variation has frequently been shown to involve tissue-specific gene expression alterations. We therefore examined whether gene-expression patterns might have been altered during domestication or in response to natural selection by contrasting S. lycopersicum var. M82 and the desert adapted S. pennellii (37) (38) (39) (40) . Gene-expression values between S. lycopersicum and S. pennellii were compared across a panel of six tissue types, including root, vegetative, and floral tissues.
We used principle components analysis (PCA) to identify major sources of variance in our transcriptome dataset (Fig. 4 A  and B) . Variation in expression across tissues explained the two largest principle components, but species-driven differences were also evident. Despite this substantial interspecific variation in gene expression, the pattern of gene expression across tissue types was positively correlated between species for the vast majority of genes ( Fig. 4B and SI Appendix, Fig. S11 ). To examine the tissue specificity of expression differences between species, we applied PCA to between-species log fold-change values calculated for each tissue and found the majority (56%) of the variance was explained by global shifts in gene expression (Fig. 4  C and D and SI Appendix, Fig. S12 ). By fitting a statistical model accounting for species and tissue effects we identified 3,474 transcripts [false-discovery rate (FDR) < 0.01; 1,718 with log fold-change > 1] differentially expressed between species and 7,844 across tissues (FDR < 0.01) (Dataset S4). Only 166 transcripts were identified where the pattern of expression across tissues was significantly different between species, consistent with the general conservation in tissue-specific expression. We con- firmed our relative expression estimates using quantitative RT-PCR and found strong correlation with our RNAseq data (ρ = 0.91) (SI Appendix, Fig. S13 ) validating our methodology.
Evolution of the Gene Coexpression Networks of S. pennellii and S.
lycopersicum. To gain additional insight into the pattern of geneexpression changes between S. pennellii and S. lycopersicum, we built weighted gene coexpression networks for each species using genes significantly differentially expressed across tissues from our previous analysis (Fig. 5 and SI Appendix, Fig. S14 ). This approach allows us to compare the pattern of gene-expression correlations in both species, rather than the absolute level of gene expression, and has been shown to provide additional evolutionary insight (41) . For both species, three major modules of highly coexpressed genes were identified (Fig. 5 A and B , SI Appendix, Fig. S14 and Table  S12 , and Dataset S5) (a fourth small module was also identified in S. lycopersicum but was not considered for the remainder of the analysis). The largest module (green; 852 genes found in both species) contained genes highly induced or repressed in photosynthetic tissues (leaf, vegetative shoot, and aerial seedling tissues) and was enriched for GO terms related to photosynthesis, carbon metabolism, and response to light (SI Appendix, Tables S13 and S14). A second module (purple; 272 genes found in both species) separated root tissues from all other tissues (SI Appendix, Tables S15 and S16, and Datasets S6-S9). The final large module (yellow; 144 genes in both species) differentiated vegetative and inflorescence shoot tissues from others and was enriched for GO terms related to cell division (SI Appendix, Tables S17 and S18).
The overlap between these modules indicates extensive conservation of coexpression networks between the two species. Although modules often overlapped between the two species, we noticed that characteristics of the two networks were not equivalent. In particular, the connectivity (as measured by the sum of the absolute values of the correlation coefficients of a focal gene with all other genes, see SI Appendix, SI Materials and Methods) of the S. pennellii network was on average higher than that of S. lycopersicum (Fig. 5C and SI Appendix, Fig. S14 ). This signal was primarily because of genes highly connected in both species but more highly connected in S. pennellii. Calculating connectivity for genes within each module gave similar values in both species for the purple and yellow modules, but connectivity was strongly reduced in the green module in S. lycopersicum (Wilcoxon test P value < 2e-16) (Fig. 5D) . To further explore this finding, we identified species-specific connections (edges) between genes in each module and between genes not assigned to a module (Fig. 5E ). If the networks had changed similarly since the two species diverged, one would expect equivalent numbers of gain/ loss of edges in each network. In agreement, about the same number of species-specific edges were found between genes either not assigned to a module or in the yellow and purple modules. In contrast, a much higher number of S. pennellii-specific edges were identified in the green module. Taken together, these data demonstrate that photosynthetic tissue-specific gene expression is more tightly correlated in S. pennellii than in S. lycopersicum.
Effect of Introgression on the Transcriptome of Domesticated
Tomato. An important strategy in tomato improvement is the extensive use of wild germplasm during breeding. Previous work suggested the possibility of large introgressions in the tomato reference sequence var. Heinz (29) . Such introgressions combine previously independently evolving alleles that may result in novel changes in expression. We searched for evidence of introgressions and found that SNPs differentiating the Heinz and M82 cultivars were nonrandomly distributed (Fig. 6E) . These regions of high diversity showed increased allele sharing with S. pimpinellifolium, indicating recent introgression from this or a closely related species. Using this pattern of diversity (Materials and Methods), we defined 550 candidate introgressed genes in Heinz and 2,479 in M82. The large number of candidate loci introgressed in M82 highlights the challenge of linkage drag during breeding using wild accessions, and may contribute to reduced genome-wide divergence in nucleotide sequence and divergence in gene expression between cultivated accessions and wild accessions.
Transgressive or nonparental expression phenotypes are a well-described characteristic of expression in hybrid lines (42) , and thus introgression in tomato might result in new expression phenotypes. We examined whether introgressions of this size might contribute to expression divergence by comparing gene expression in S. lycopersicum, S. pennellii, and an introgression line (IL) where a portion of chromosome 4 from S. pennellii was introgressed into S. lycopersicum (Fig. 6 A-D (43). Of the 131 genes differentially expressed between the IL and M82, 61 (47%) exhibited nonparental expression levels and 70 showed expression similar to S. pennellii. Genes exhibiting S. pennellii-like expression were enriched in the introgressed fragment but the majority of genes showing nonparental expression patterns were found outside of the fragment (Fig. 6F) . The enrichment for nonparental expression in trans to the introgression provides evidence of the existence of epistatically interacting mutations within each lineage that, when combined, result in unique expression phenotypes. An additional possible contributing factor is the recent discovery of transgressive siRNA expression patterns in tomato hybrids (44) . These results point to introgression as a possible source of unique expression phenotypes in cultivated tomato.
Expression Divergence Correlates with Phenotypic Differences
Among Wild and Cultivated Accessions. Our combined comparison of sequence and transcriptional diversity in cultivated and wild tomato relatives identified distinct footprints of selection under artificial and natural conditions. Adaptation to an extreme desert climate manifests as dramatic phenotypic shifts seen in S. pennellii compared with cultivated tomato. These phenotypes include up to 20-fold higher levels of epicuticular lipid deposition in S. pennellii leaves (45), amphistomic leaves with reduced stomatal pore size (∼13% smaller, P = 5.17 × 10 −6
), and alterations in cell wall composition in the roots (SI Appendix, Fig. S15 and S16). Each of these phenotypes can be correlated with geneexpression profiles in our data.
A thick cuticle with an increased accumulation of epicuticular waxes is known to limit water loss and increase water-deficit tolerance (46) (47) (48) (49) . In the tomato relatives, epicuticular waxes account for up to 20% dry weight of S. pennellii leaves, whereas they make up only 0.9% of S. lycopersicum leaf dry weight (45) . This striking increase in accumulation of epicuticular waxes is accompanied with marked differences in the expression of genes associated with wax deposition between S. lycopersicum and S. pennellii in our datasets (SI Appendix, Table S19 ). For example, the genes that encode the tomato orthologs of two enzymes involved in the production of aliphatic wax component precursors, ECERIFERUM6 (CER6) and CER10 (50-52) are significantly higher in S. pennellii in comparison with S. lycopersicum. FID-DLEHEAD, which encodes a condensing enzyme involved in synthesis of cuticular lipids (53) and the genes encoding orthologs of CER1, CER2, and CER8, which are involved in conversion of very long-chain fatty acids to alkanes in Arabidopsis (54-57) are also higher in S. pennellii. Furthermore, S. pennellii has higher expression of a CER5-like gene, which might be involved in wax secretion (58) and the genes encoding the drought responsive nonspecific lipid transfer proteins (LTP) LTP1 and LTP2 (59, 60) . Together, these results demonstrate a concerted up-regulation of candidate genes for wax accumulation in desert adapted S. pennellii.
S. pennellii leaves have several developmental features consistent with drought adaptation including reduced surface:volume ratio and changes in stomatal density (61) . One developmental regulator that might be involved is SCREAM1, a positive regulator of stomatal index (the ratio of stomata to epidermal cells) (62, 63) . S. lycopersicum shows almost twofold lower levels of SCREAM1 (P = 0.00018). Consistent with these changes, S. pennellii has an increased adaxial stomatal index relative to S. lycopersicum, yielding a roughly even stomatal index on both leaf surfaces (SI Appendix, Fig. S16 ) (19, 64) . Typical for a desert plant, S. pennellii has thick succulent leaves (1.46× the thickness of S. lycopersicum), (SI Appendix, Fig. S16 ), thus the relative increase in adaxial stomata may be required for efficient CO 2 diffusion in these thicker leaves (64, 65) .
Previous studies have reported that root growth under drought conditions can be promoted by cell-wall modulation of glucoronoxylan and rhamnogalacturonan side chains in cell-wall components (66, 67) . Correlating with these observations, genes expressed nearly exclusively in the root include many genes involved in cell-wall metabolism, such as multiple pectinesterases and polygalacturonases, several β-galactosidases, and a reversibly glycosylated protein involved in UDP-arabinofuranose production (68), the precursor for arabinan biosynthesis. To validate the relevance of the expression differences we examined root primary cell-wall composition in S. lycopersicum and S. pennellii and found that S. pennellii had higher levels of the abundant galactan and arabinan side-chains of rhamnogalacturonan I (Fig.  6 G and H) (69) , consistent with its desert habitat. and S. pimpinellifolium (red), and Heinz and S. pimpinellifolium (blue). Increasing dissimilarity is indicated by lighter color; increasing similarity is indicated by darker color. Introgressions into one of the two cultivated lines show increased polymorphism rate between Heinz and M82 and decreased polymorphism between S. pimpinellifolium and the acceptor cultivated line (see chromosome 5). Shared introgressed segments show decreased polymorphism between S. pimpinellifolium and both cultivated lines. Many of these introgressions are larger in M82 (see chromosome 11). Large introgressions were frequently associated with centromeres, likely resulting from the increased linkage drag in these regions during breeding. Sliding window size for B, D, and E is 100 genes. (F) Number of expression changes in cis or trans to the IL4-3 introgression. Light green indicated transgressive changes and dark green indicates S. pennellii like expression. (G and H) Abundance of pectic monosaccharides galacturonic acid (GalA), glucoronic acid (GlcA), arabinose (Ara), and galactose (Gal) present in the walls (AIR, alcohol insoluble residue) of roots from M82 (black) and S. pennellii (white). Red asterisk: P < 0.001.
Discussion
Tomato is one of our most important vegetable crops and its improvement is largely dependent on introgression of beneficial alleles from wild germplasm (15) . Here we have identified hundreds of thousands of polymorphic positions that distinguish cultivated tomato from its wild relatives. All of these species have individual attributes that could be potentially valuable for tomato crop improvement, and our study provides the raw material necessary for marker-assisted introgression of such traits.
We have shown that domestication was associated with the fixation of many potentially deleterious protein and expressionlevel changes. The consequences of such changes are unknown, but it is possible that some have decreased vigor in domesticated lines. Adaptation to extreme environments among tomato relatives appears to have caused a broad alteration of transcriptional networks in parallel with positive selection at the sequence level for a number of genes related to environmental adaptation. This is particularly the case for the desert-adapted S. pennellii. Our finding that gene-expression changes in S. pennellii were highly accelerated relative to nucleotide divergence suggests that the previously noted importance of regulatory changes in morphological evolution (70, 71) is likely a genome-scale phenomenon. The signal of adaptation to extreme environments in the S. pennellii transcriptome is on par with that seen for biological processes classically thought to evolve at an accelerated rate, such as defense response and reproductive biology. Previous work in maize has suggested extensive transcriptional rewiring in response to domestication (14) . The most extensive network rewiring that we discovered in S. lycopersicum relates to light responsiveness. Loss of connectivity in this network may reflect selection for reduced light response in S. lycopersicum, or may reflect a more robust response in the desert-adapted S. pennellii; this hypothesis is amenable to future genetic experimentation. In contrast to adaptation to pressures emanating from the natural environment, as deduced from differences between wild tomato species, we have found artificial selection and domestication to be associated with a relatively small number of changes at both at the sequence and transcriptional level. Taken together, our studies highlight both parallels and contrasts between natural and artificial selection and their effects on genome evolution.
Materials and Methods
Plant Materials. S. lycopersicum var. M82 (LA3475), S. pennellii (LA0716), and the S. pennellii introgression line IL4-3 (LA4051) were donated by Dani Zamir, The Hebrew University of Jerusalem, Jerusalem, Israel (43) . S. habrochaites (LA1777) and S. pimpinellifolium (LA1589) were obtained from the C. M. Rick Tomato Genetics Resource Center, University of California at Davis. S. chmielewskii (LA1840) was donated by Keygene, Wageningen, The Netherlands. S. galapagense (LA0530) was donated by Maria Asins at the Instituto Valenciano de Investigaciones Agrarias, Valencia, Spain. The obligate outcrossing S. habrochaites line was maintained by growth of 10 or more plants and cross-pollinated by hand. All other accessions were maintained by selfing.
RNA Isolation. In the transcriptome experiment, total RNA from all tissues except fruits were extracted using TRIzol (Invitrogen) according to the manufacturer's standard protocol. The following modifications were included in the protocol to extract RNA from fruits: Total RNA from the aqueous phase in the chloroform extraction step was precipitated with 0.25 volume isopropanol and 0.25 volume of 1.2 M sodium chloride/0.8 M sodium citrate buffer, washed with 70% (vol/vol) ethanol, and resuspended in water. Another precipitation step with 0.8 volume lithium chloride and 3 volumes 100% (vol/vol) ethanol, was done if the 260/230 absorbance ratio of the total RNA was less than 1.5.
The RNeasy plant mini kit (Qiagen) was used to extract total RNA for the seedling experiment.
Sequencing and Read Filtering. A total of 57 libraries from S. lycopersicum var. M82, S. pimpinellifolium, S. pennellii, S. habrochaites were sequenced in 14 lanes from seven different 84 cycle runs of the Illumina GA II, returning 406,874,298 paired-end and 169,290,821 single-end reads. Additionally, single libraries from S. galapagense and S. chmielewskii were sequenced in a Hiseq2000 to obtain 67,504,782 and 53,873,978 100-bp paired end reads, respectively. After separating reads by barcode, removing Illumina adapter sequences, and trimming low-quality bases, we used in our analysis 547,612,718 reads with a minimum length of 50 bp (average of 81 bp).
RNAseq Read Alignment. Three different strategies were used for RNAseq read analysis. For polymorphism detection and total coverage calculations we aligned the reads against the S. lycopersicum genomic reference. For quantification of gene expression we created a matched set of contigs that were used as a reference. De novo assembly was performed on reads obtained from S. lycopersicum var. M82 and S. pennellii to identify unannotated transcripts and transcripts not synthesized by S. lycopersicum var. Heinz. SNP Calling. A custom Bioperl script was used to detect SNPs and indels between each sequenced species and the reference sequence (72) . Homozygous SNPs/indels were called in positions with a minimum coverage of four reads and an allele frequency higher than 0.66 for SNPs and 0.33 for indels. Heterozygous SNPs were called in positions with at least four reads per allele and a frequency of at least 25% in both alleles. To avoid calling polymorphisms from the ends of the reads that span exon-intron junctions, we divided the reads into five equal regions and discarded SNPs and indels covered only by a single region of the reads. All polymorphisms from all species were merged in a matrix and their positions genotyped in all species where the polymorphism was not present. These genotypes were called using the same allele frequency thresholds as above but no coverage threshold.
Statistical Analysis. All statistical analysis was done using the R statistical programming environment (73) .
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